To examine sympathetic and vagal cardiovascular regulatory mechanisms in the pathogenesis of orthostatic hypotension in pheochromocytoma, we continuously monitored blood pressure (Finapres) and RR interval (electrocardiogram) in supine and standing positions in 12 patients with pheochromocytoma, 43 patients with essential hypertension, and 30 normotensive subjects. Mayer wave power spectrum of systolic blood pressure variability (Ϸ0.1 Hz) and respiratory power spectrum of the RR interval variability (Ϸ0.25 Hz) were taken as measures of sympathetic vascular and cardiac vagal modulations, respectively. Systolic blood pressure decreased more upon standing in pheochromocytoma patients (؊21 ؎ 7 mm Hg) than in normotensive subjects (؊5 ؎ 2 mm Hg) or essential hypertensive patients (؊3 ؎ 2 mm Hg) (P < .005 for both), whereas heart rate tended to increase most in the pheochromocytoma group. Postural reduction in systolic blood pressure was highly correlated with postural increase in heart rate (reciprocal change in RR interval) in the pheochromocytoma group (r ‫؍‬ 0.716, P < .01) suggesting that baroreflex is well functioning in those patients. The Mayer wave power spectrum in recumbency was extremely depressed in pheochromocytoma patients (1.1 ؎ 0.2 mm Hg 2 ) compared with normotensives (4.5 ؎ 0.8 mm Hg 2 ) or essential hypertensives (5.6 ؎ 0.6 mm Hg 2 ) (P < .001 for both). This parameter increased significantly with standing in all groups but remained lower in patients with pheochromocytoma (5.1 ؎ 1.0 mm Hg 2 ) than in normotensives (7.1 ؎ 0.9 mm Hg 2 , P ‫؍‬ NS), whereas essential hypertensive patients demonstrated far greater value (19.2 ؎ 3.8, P < .01 for both). The respiratory power spectrum of the RR interval in recumbency of pheochromocytoma patients (189 ؎ 54 msec 2 ) was less than in normotensive subjects (714 ؎ 100 msec 2 , P < .001) but did not differ from that in patients with essential hypertension (214 ؎ 41 msec 2 ). The respiratory power spectrum of the RR interval upon standing was markedly suppressed in pheochromocytoma patients (36.9 ؎ 16.7 msec 2 ) compared with normotensive subjects (129.5 ؎ 23.6 msec 2 ) or essential hypertensive patients (126.6 ؎ 28.6 msec 2 ) (P < .001 for both). Postural decrement in the respiratory power spectrum of the RR interval correlated positively with postural increase in heart rate (r ‫؍‬ 0.577, P < .05) in patients with pheochromocytoma. After successful surgery (n ‫؍‬ 9), the Mayer wave power spectrum of the systolic blood pressure and the blood pressure response to orthostasis were normalized. These data suggest that altered sympathetic vascular regulation is central to the pathogenesis of orthostatic hypotension in pheochromocytoma, whereas cardiac vagal regulation acts to compensate. Am J Hypertens 1999;12:572-580
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Recent study has shown that beat-to-beat analyses of blood pressure and RR interval variabilities provide useful information on autonomic cardiovascular control mechanisms. The Mayer wave power spectrum (Ϸ0.1 Hz) of blood pressure variability and the respiratory power spectrum (Ϸ0.25 Hz) of RR interval variability can serve as measures of sympathetic vascular and cardiac vagal modulations, respectively. 9, 10 Because both of these power spectra are determined by both central neural activity and end-organ sensitivity, they permit overall evaluation of sympathetic vascular regulation and vagal control of the sinus node. In this study we compared blood pressure response to orthostatic stress and the underlying autonomic nervous mechanisms of patients with pheochromocytoma to those of normotensive subjects or patients with essential hypertension, using beat-to-beat monitoring of blood pressure and RR interval in supine and subsequent upright postures.
METHODS

Subjects
We studied 12 patients (Table 1) with pheochromocytoma (6 men), 43 patients with mild to moderate essential hypertension (23 men), and 30 normotensive subjects (11 men). The mean age in the pheochromocytoma group (36 Ϯ 3 years) did not differ from those in the essential hypertension (36 Ϯ 2 years) or normotension (34 Ϯ 2 years) groups. Histologically proven pheochromocytomas were found later by operation in 11 of the 12 patients. The remaining patient (No. 8) demonstrated multiple masses in the liver and paraaortic lesions. Metastasis of pheochromocytoma cells was confirmed by 131 I-metaiodobenzylguanidine scanning. He was diagnosed with malignant pheochromocytoma and was treated with 1000 mg/day of ␣-methyl-paratyrosine, but no surgery. A patient (No. 6) had a family history of pheochromocytoma and had a medullary thyroid carcinoma and was diagnosed as Sipple's syndrome. Of the 12 patients with pheochromocytoma, 3 had received 40 mg/day of amosulalol hydrochloride; 2 patients, 2 mg/day of doxazosin mesilate; 1 patient, 40 mg/day of nifedipine; 1 patient, 40 mg/day of nifedipine plus 40 mg/day of amosulalol hydrochloride; 1 patient, 1 mg of doxazosin mesilate plus 60 mg of metoprolol; and 1 patient, 4 mg/day doxazosin plus 50 mg/day of atenolol. The remaining 3 patients had never received medical treatment. Plasma epinephrine and norepinephrine concentrations were measured by a sensitive fluorometric method.
11
Experimental Protocol The study protocol was approved by the ethics committee of the Tohoku University School of Medicine. All subjects provided informed consent before participation in the study. Essential hypertensive patients had stopped their cardiovascular medications at least 2 weeks before the experiment, whereas pheochromocytoma patients were advised to discontinue their cardiovascular medications at least 48 h before the experiment in view of the clinical risk. The experiment was performed between 2:00 pm and 5:00 pm. All subjects were instructed to avoid cigarettes and beverages containing caffeine beginning the previous evening.
Each subject was placed supine on a bed. The electrocardiogram (ECG) was monitored using a standard lead II. Blood pressure (BP) was monitored on the right middle finger with a digital photoplethysmographic device (Finapres 2300, Ohmeda, Englewood, CO). Sphygmomanometric BP was also measured twice on the left arm after 5 min of rest. The arithmetic mean of the two measurements was calculated. Measurements were obtained after patients had rested for 10 to 15 min to allow hemodynamic stabilization. Systolic and diastolic blood pressures (SBP and DBP) and RR interval were recorded in a beat-to-beat manner for 10 min with subjects in recumbency and then during active standing for 10 min.
It has been reported that the Finapres device is very useful to precisely evaluate BP response to orthostatic stress. 12 The patients were asked to report sensations of dizziness or other unpleasant feelings on arising. If the complaints were severe, subjects were allowed to lie down immediately. Orthostatic hypotension was defined as an SBP decrease of 20 mm Hg or more and a DBP decrease of 10 mm Hg or more. 13 During these maneuvers, the cuffed finger was kept at heart level to avoid the influence of hydrostatic pressure differ-ences. We did not control the subjects' respiratory rate throughout the experiment because paced breathing could alter their inherent BP variability pattern. Furthermore, a recent study has shown that long-term reproducibility of BP and RR interval variability assessed by spectral analysis was better under spontaneous breathing than under paced breathing.
14 Off-line analysis was later performed on a personal computer (PC 9801-RX; NEC, Tokyo, Japan). The trendgrams of the RR interval, SBP, and DBP were inspected visually on the computer display. A 256-sec segment without movement artifacts or premature ventricular contractions was selected for the final analysis. Two patients with pheochromocytoma (Nos. 9 and 10 ) returned to a recumbent position due to severe dizziness, palpitation or chest discomfort at 210 and 240 sec from the start of standing, respectively. In these patients, we used data for 150-and 180-sec periods excluding the first 60 sec. All normotensive subjects and essential hypertensive patients completed a 10-min period of standing.
In nine patients with pheochromocytoma, cardiovascular response to orthostatic stress was also examined 30 to 40 days after surgical treatment. Seven of the nine patients had no medical treatment at that time. The remaining two patients were receiving 0.5 mg of dexamethasone/day because they had undergone bilateral adrenalectomy. One of them (No. 6) also received 0.15 mg of levothyroxine sodium daily, as she had undergone total thyroidectomy.
To study the autonomic contributions to cardiovascular regulations, we examined the frequency components of the cardiovascular variability using spectral analysis. The 10-sec oscillations of BP, known as Mayer waves, are mediated mainly by the ␣-adrenergic system, whereas the respiratory-related oscillations of the heart rate are mediated purely by the vagus nerve. 9, 10 Those parameters are used as measures of sympathetic vascular and cardiac vagal modulations, respectively.
9,10 Therefore, we calculated the Mayer wave-related (0.07 to 0.14 Hz) and respiratoryrelated (0.015 to 0.40 Hz) absolute power spectra for each parameter using the CARSPAN computer program according to the previous report. 15 To assess the sympathovagal balance modulating cardiovascular function, the ratio of the Mayer wave power to respiratory power of each parameter also was calculated. 9, 10 Statistical Analysis Data are expressed as mean Ϯ SE. Comparisons of data sets among groups were performed by an analysis of variance with a post-hoc test and a Kruskal-Wallis test with a two-sample Wilcoxon test for the post-hoc comparisons. Within group comparisons were done using paired t tests or a onesample Wilcoxon test. The 2 test was used to examine differences between the groups with respect to the prevalence of orthostatic hypotension and other parameters. Pearson's correlation coefficient was calculated to test the relationship among parameters. All statistical analyses were performed with a commercially available statistical package (SYSTAT ver. 5.2, Evanston, IL). A level of P Ͻ .05 was accepted as statistically significant. 
RESULTS
Sphygmomanometric BP of patients with pheochromocytoma (160 Ϯ 10/97 Ϯ 5 mm Hg) were higher than those of normotensive subjects (121 Ϯ 2/70 Ϯ 1 mm Hg, P Ͻ .001 for both) but did not differ from those of patients with essential hypertension (164 Ϯ 3/94 Ϯ 2 mm Hg). Both SBP and DBP decreased significantly (Ϫ21 Ϯ 7 mm Hg, P ϭ .01 for systolic and Ϫ8 Ϯ 3 mm Hg, P ϭ .02 for diastolic) with standing in patients with pheochromocytoma, whereas no change in SBP and a significant increase in DBP were observed in the other two groups ( Figure 1 ; Table 2 ). Seven of 12 patients (Nos. 1, 2, 5, 9 -12) with pheochromocytoma (58%) demonstrated orthostatic hypotension. This frequency was higher than in normotensive (10%) or essential hypertensive (7%) groups (P Ͻ .002 and P Ͻ .001, respectively). Higher plasma norepinephrine concentration was related to a greater orthostatic BP decrease in patients with pheochromocytoma (r ϭ 0.550, P Ͻ .1 for systolic and r ϭ 0.519, P Ͻ .1 for diastolic, respectively). Plasma epinephrine was not related to an orthostatic BP changes (r ϭ 0.114 for systolic and r ϭ 0.221 for diastolic). RR interval shortened with standing from recumbency in all groups (P Ͻ .001). The postural reduction in the RR interval (reciprocal of increase in heart rate) was highly correlated with the postural decrease in SBP in the pheochromocytoma group (r ϭ 0.716, P Ͻ .01) suggesting that baroreflex is functioning well in those patients. Recumbent Mayer wave power spectra for both SBP and DBP were markedly suppressed in patients with pheochromocytoma compared with the normotensive group (P Ͻ .001 for both), whereas the recumbent Mayer wave power spectrum for DBP was greater in patients with essential hypertension than in normotensive subjects (P Ͻ .001) ( Table 3) suggesting that the depressed Mayer wave power spectra were not attributed to antihypertensive medications. Plasma norepinephrine concentration was correlated negatively with both systolic and diastolic Mayer wave power spectra (r ϭ Ϫ0.477, P ϭ NS for systolic and r ϭ Ϫ0.525, P Ͻ .1 for diastolic, respectively), but plasma epinephrine was not (r ϭ 0.197 and r ϭ 0.370, respectively). Furthermore, depressed resting Mayer wave power spectra were related to a more pronounced orthostatic hypotension in patients with pheochromocytoma ( Figure 2 ). The ratio of the Mayer wave power spectrum to the respiratory power spectrum for both SBP and DBP was much smaller in patients with pheochromocytoma than in normotensive subjects or patients with essential hypertension (Table 4 ). The Mayer wave power spectrum for the RR interval in the supine position was also decreased more in patients with pheochromocytoma than in normotensive subjects (P Ͻ .05). The ratio of the Mayer wave power spectrum to the respiratory power spectrum of the RR interval, however, was slightly greater in the pheochromocytoma group than the ratio in the normotensive group because the respiratory power of the RR interval was greatly suppressed in the former (P Ͻ .001). Postural change from supine to standing increased the Mayer wave power spectra for both SBP and DBP, with a concomitant reduction in the respi-
FIGURE 1. Tracings show representative RR interval (R-R) and blood pressure (BP) responses to active standing in pheochromocytoma patient (A), normotensive subject (B), and essential hypertensive patient (C). Blood pressure tracing includes the trendgrams of systolic, mean, and diastolic blood pressures.
ratory power spectrum of the RR interval in all groups. The Mayer wave power spectra for both SBP and DBP in the erect position were still lower in patients with pheochromocytoma than in normotensive subjects, although those changes did not reach statistical significance. Both parameters were greater in patients with essential hypertension than in pheochromocytoma patients or normotensive subjects. The respiratory power spectrum of the RR interval in the upright position was suppressed most in the pheochromocytoma group. Postural decrement of the respiratory power of the RR interval was correlated positively with postural reduction in the RR interval (r ϭ 0.577, P Ͻ .05) in patients with pheochromocytoma. Postural change from supine to standing increased the ratio of the Mayer-to-respiratory power spectrum of the RR interval in all groups. The postural increment of the Mayer-to-respiratory ratio of the RR interval was not correlated with postural reduction in the RR interval (r ϭ 0.141, P ϭ NS). The Mayer-torespiratory power ratio of the RR interval did not differ between the three groups while standing. In nine pheochromocytoma patients (Nos. 2, 4 -7, 9 -12) who had undergone surgical treatment, sphygmomanometric systolic and diastolic BPs were 122 Ϯ 5 and 78 Ϯ 4 mm Hg, respectively. Their follow-up plasma norepinephrine and epinephrine concentrations were 186 Ϯ 9 pg/mL and 22 Ϯ 8 pg/mL, respectively, suggesting a normalization of both BP and plasma catecholamine concentrations. Finger SBP and DBP in the supine posture were reduced by about 21% and 20%, respectively (P Ͻ .05), and in the erect position these remained unchanged (Figure 3) . Postoperative changes in BP from supine to standing (2 Ϯ 5 mm Hg for systolic and 7 Ϯ 2 mm Hg for diastolic) did not differ from those of normotensive subjects. Mayer wave power spectra for both SBP and DBP in the supine position were increased by about ϩ192% and ϩ175% (P Ͻ .05) after surgery, whereas those in the erect position remained unchanged. The Mayer-torespiratory ratios for both SBP and DBP in the erect position were increased significantly. Consequently, .02 Ͻ.001 Ͻ.001
Mayer wave power spectra of BP variability did not differ between postoperative patients and normotensive subjects. RR interval and its power spectra for both Mayer wave and respiratory components remained unchanged after operation. The respiratory power spectrum of the RR interval in the supine position was increased after surgery in patients with sustained hypertension (121. , P Ͻ .005) (Figure 4 ).
DISCUSSION
Unavailability of appropriate methodology has obscured autonomic nervous mechanisms involved in the orthostatic hypotension seen in pheochromocytoma. We examined dynamic autonomic nervous responses to orthostatic stress of patients with pheochromocytoma by means of spectral analysis of BP and RR interval variabilities. Mayer wave power spectra for both SBP and DBP variabilities, a measure of the sympathetic modulation of the vasculature, were markedly suppressed in patients with pheochromocytoma compared with normotensive subjects in recumbency. In contrast, the Mayer wave power spectrum of the DBP was significantly greater in patients with essential hypertension compared with normotensive subjects. Thus, sympathetic vascular regulation in recumbent patients with pheochromocytoma contrasts sharply with that in recumbent patients with essential hypertension. Present results seem to be consistent with a report that muscle sympathetic nerve activity determined by microneurography at rest is increased in patients with essential hypertension compared with normotensive subjects, whereas this activity is not increased in patients with pheochromocytoma. 16 The Mayer wave power spectra for both SBP and DBP increased with standing in patients with pheochromocytoma, as they did in normotensive subjects indicating a preservation of baroreceptor sympathetic vasomotor reflex in patients with pheochromocytoma. Our data suggest that sympathetic modulation of the peripheral blood vessel rather than central reflex is considerably altered in patients with pheochromocytoma. The Mayer wave power spectrum of BP was far greater in standing patients with essential hypertension than in the other two groups, confirming an enhanced sympathetic vasomotor response to orthostatic stress in patients with essential hypertension.
The Mayer wave power spectrum of systolic BP of resting patients with pheochromocytoma was by about 24% of that of resting normotensive subjects. Furthermore, the depressed resting Mayer wave power spectrum was related to a more pronounced orthostatic hypotension. Thus, altered sympathetic modulation of the vasculature is a critical role in the pathogenesis of orthostatic hypotension in patients with pheochromocytoma.
The Mayer wave power spectrum of BP variability was normalized after successful surgical treatment suggesting that functional rather than organic mechanisms are involved in the reduction of the Mayer wave power spectrum of the BP. Systolic BP was not correlated with the Mayer wave power spectrum of the SBP (r ϭ 0.1, P ϭ NS) at rest in patients with pheochromocytoma, suggesting that baroreceptor activation is not involved. Plasma norepinephrine concentration was correlated negatively with both systolic and diastolic Mayer wave power spectra but epinephrine concentration was not. Furthermore, plasma norepinephrine concentration was abnormally high in all patients with pheochromocytoma, whereas epinephrine concentration was very low in two patients, who nonetheless demonstrated reduced Mayer wave power spectra. Taken together, desensitization of peripheral ␣-adrenergic receptors due to high level of norepinephrine [17] [18] [19] is most likely the mechanism responsible for the reduction in the Mayer wave power spectrum of BP. An inhibition of central sympathetic outflow 16 may also be involved but is impossible to assess by our methodology. The influence of antihypertensive medication seems to play a minimal role because the Mayer wave power spectrum of BP variability of patients never treated was depressed similarly to that of treated patients.
Postural reduction in the RR interval (reciprocal increase in heart rate) correlated very highly with the postural decrease of SBP in patients with pheochromocytoma suggesting a maintenance of baroreceptor heart rate reflex. Postural tachycardia seen in standing patients with pheochromocytoma, thus, seems to be a compensatory response to an excessive BP decrease rather than a result of nonspecific stimulation of cardiac ␤-receptors by circulating catecholamines. Augmented cardiac vagal inhibition, rather than cardiac sympathetic activation, was involved chiefly in the accelerated cardiac response, because the respiratory power spectrum of the RR interval variability, a measure of vagal modulation of the sinus node, was markedly suppressed in standing pheochromocytoma patients, whereas the ratio of the Mayer-to-respiratory power spectrum of the RR interval variability, an index of sympathovagal balance, did not differ between the three groups.
In contrast with the Mayer wave power spectrum of BP, the respiratory power spectrum of the RR interval in the supine position remained suppressed even after surgery. The respiratory power spectrum of the RR interval was increased after surgery in patients with sustained hypertension while it was decreased in patients with paroxysmal hypertension. These data suggest that altered cardiac vagal modulation in patients with pheochromocytoma is attributed to hypertension but not to increased plasma catecholamines.
We did not evaluate the volume status of patients with pheochromocytoma, which is a major limitation of the present study because diminished blood volume occasionally may be a factor contributing to postural hypotension in pheochromocytoma. 6 Indeed, episodes of paroxysmal supine hypertension and orthostatic hypotension with marked tachycardia are common features of idiopathic hypovolemia. 20 Simultaneous evaluation of spectral analysis of cardiovascular variability and volume status should further improve understanding of the mechanisms underlying orthostatic hypotension in patients with pheochromocytoma.
In conclusion, this study compared sympathetic modulation of the vasculature and the vagal modulation of the sinus node of patients with pheochromocytoma to those of normotensive subjects or essential hypertensive patients. Our data showed that altered sympathetic vascular modulation is central to the pathogenesis of orthostatic hypotension in patients with pheochromocytoma, whereas the augmented inhibition of the vagal tone improved the sympathovagal balance, functioning in a compensatory manner. 
